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Figure  SI.  A)  Picture  of  MoS2  in  CH3CN  (ACN,  100  mg,  10  mL)  after  addition  of  5  mmol 
of  cumene  hydroperoxide  (CHP).  The  flakes  sediment  immediately  after  stir  is  removed, 
and  the  supernatant  contains  dissolution  peroxo-molybdenum  species.  Image  taken 
after  stir  was  removed  for  5  minutes.  B)  After  concentrating  the  solution  (4  mL  total), 
and  addition  of  NaBH4  (0.10  M,  400  pL)  at  0°C,  stable  suspensions  of  MoS2  are 
obtained.  The  suspensions  contain  both  large/thick  and  exfoliated  flakes.  Image  is  taken 
after  stir  was  removed  for  24  hours.  C)  Image  of  MoS2  and  MoSe2  after  centrifugation  at 
1500  RPM  for  45  minutes.  The  supernatant  contains  exfoliated  flakes.  D)  Addition  of 
CHP  in  other  solvents  also  results  in  generation  of  a  soluble  species,  suggesting  this 
method  is  applicable  for  many  solvents. 
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Figure  S2.  A)  Supernatants  isolated  from  TMDs  after  oxidation  with  cumene 
hydroperoxide  (CHP).  Discoloration  is  present  in  all  vials,  indicating  partial  dissolution  of 
TMD  powders.  B)  After  addition  of  dilute  aqueous  NaBH4  (0.010  M,  100  pl_),  a 
colormetric  response  is  observed  (from  left  to  right)  for  MoS2,  MoSe2,  MoTe2,  WS2, 
WSe2,  NbSe2,  and  ReS2.  The  characteristic  blue  color  seen  in  MoS2  dispersions  is 
indication  of  anionic  polyoxometalates  (POMs)  formed  in-situ  with  mixed  Mov-Movl 
valency.1,2  Thus,  partial  reduction  of  dissolution  products  after  oxidation  results  in  POM 
formation.  It  can  be  reasoned  that  this  process  is  occurring  in  other  TMDs,  as  many 
transition  metals  are  known  to  form  POM  species.3-5 
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CHP  +  NaBH4  lOOx  dilution 


Figure  S3.  Extinction  spectra  of  100  mg  MoS2  (0.625  mmol)  suspended  in  10  ml_ 
CH3CN  (ACN)  with  the  addition  of  CHP  and  NaBH4  (red),  with  only  NaBH4  (no  CHP, 
blue),  with  only  CHP  (no  NaBH4,  green),  and  without  CHP  or  NaBH4  (black).  Small 
quantities  of  MoS  are  exfoliated  with  only  the  addition  of  oxidant  (CHP)  or  reductant 
(NaBH4).  However,  if  the  redox  reaction  is  carried  out,  MoS2  flakes  exfoliate  into  solution 
readily.  The  MoS2  sheets  in  solution  with  just  CHP  or  NaBH4  have  a  peak  at  680  nm, 
indicating  very  thick  flakes.  However,  after  CHP/NaBH4  co-addition,  the  thickness  of  the 

flakes  decreases  (peak  at  670  nm)  with  a  significant  increase  in  yields.  Curves  for 
NaBH4,  CHP  are  multiplied  by  5x  to  resolve  spectral  features  (i.e.  CHP  +  NaBH4  is  500x 

more  intense). 
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Figure  S4.  Mass  spectra  of  isolated  supernatant  from  MoS2  after  addition  of  300  ml_  of 
NaBH4  indicating  formation  of  large  species  in  solution  (blue  vial).  UV-Vis  analysis  of 
the  isolated  supernatant  after  addition  of  CHP  (black  UV-Vis  curve,  yellow  solution  in 
digital  image)  is  consistent  with  peroxo-molybdenum  species.6,7  As  the  solution  is 
titrated  with  NaBhU,  the  colormetric  response  indicates  formation  of  mixed  valent  Movl- 
Mov  species,  consistent  with  POMo  formation.2'8 
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Figure  S5.  Extinction  spectra  of  exfoliated  MoS2  (0.1875  mmol  MoS2,  10  ml_  solvent) 
after  oxidation  with  CHP  (1.5  mmol,  8:1  CHP:MoS2)  and  subsequent  incremental 
addition  of  NaBH4  in  A)  Acetonitrile  and  B)  Acetone.  After  the  indicated  amount  of 
NaBH4  was  added,  the  solution  was  allowed  to  stir  for  1  hr  before  collection  of  the 
suspension  that  was  centrifuged  at  1500  RPM  (30  min).  The  resultant  supernatant  was 
analyzed  via  UV-Vis  spectroscopy.  Initially  (i.e.  no  NaBH4),  the  supernatant  contains  no 
exfoliated  MoS2  flakes.  After  addition  of  NaBH4,  MoS2  slowly  exfoliates,  until  saturation 
occurs  after  c.a.  100  pmol. 
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Figure  S6a.  Zeta  potential  of  MoS2  (100  mg,  10  ml_  CH3CN)  after  oxidation  with  CHP 
(3.2  mol)  and  subsequent  incremental  addition  of  NaBH4.  Initially,  the  zeta  potential  is 
broad.  After  incremental  additional  of  NaBH4,  the  zeta  potential  slowly  shifts  to  more 
negative  values,  consistent  with  the  proposed  mechanism  of  POM  adsorption  and 
charging. 


Zeta  potential  (mV)  Zeta  potential  (mV)  Zeta  potential  (mV) 

Figure  S6b.  Zeta  potential  measurements  of  all  TMDs  confirm  a  negative  surface 
charge,  consistent  with  the  proposed  mechanism  of  anionic  POM  adsorption. 
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Figure  S7.  Optical  images  of  MoS2  prepared  via  liquid  phase  exfoliation  (90  hrs,  probe- 
tip  sonication  @  127.5  W))  and  redox  exfoliation  methods  deposited  in  quartz  capillaries 
for  solution  XRD.  Redox  exfoliated  samples  showed  no  sign  of  sedimentation,  even 
after  2  months,  whereas  probe-tip  sonicated  samples  show  phase  separation  after  24 
hours,  and  completely  sediment  within  2  months. 
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Figure  S8.  XPS  spectra  of  M0S2  during  different  stages  of  redox  reaction.  Initially,  after 
stirring  in  acetonitrile,  the  supernatant  becomes  slightly  discolored  (blue)  indicating  the 
dissolution  of  M0S2  species.  This  occurs  without  the  addition  of  oxidizing  agent, 
consistent  with  a  recent  report  showing  dissolution  kinetics  of  M0S2  flakes.  These 
species  are  consistent  with  POMo  with  Movl  valency.  After  subsequent  addition  of  CHP 
to  these  flakes,  the  abundance  of  Movl  species  increases,  suggesting  surface  oxidation 
of  flakes.  However,  because  the  Molv:S  ratio  remains  relatively  constant  (0.53  -  0.61), 
the  oxidation  likely  doesn’t  destroy  the  integrity  of  the  MoS2  basal  surface.  After 
reduction,  the  Movl  species  abundance  is  reduced,  where  upon  subsequent  washing 
with  fresh  solvent  after  centrifugation  and  reconstitution  cycles,  the  Movl  species  (likely 
on  the  surface)  can  be  washed  out  of  the  exfoliated  flakes. 
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Figure  S9.  XPS  spectra  of  Mo3d  (Movl,  236.0  eV;  Molv  234.2  eV)  region  for  M0S2  and 
MoSe2  before  and  after  washing  cycles.  Washing  cycles  were  performed  by  centrifuging 
the  exfoliated  dispersion  at  10000  RPM  for  15  minutes,  discarding  the  supernatant,  and 
re-suspending  the  flakes  in  fresh,  anhydrous  solvent.  The  presence  of  expected  Movl 
species  is  observed  in  both  M0S2  (4.5%  abundance)  and  MoSe2  (16.5%  abundance) 
prior  to  washing.  After  washing,  the  abundance  decreases  in  MoS2  samples  by  33% 
(3.23%  abundance  Movl),  and  52%  (8.30%  Movl)  in  MoSe2.  The  Molv:S  ratio  for  MoS2 
was  1:2,  indicating  the  presence  of  pristine  TMD,  with  a  Movl  species  that  can  be 
removed  by  washing.  In  MoSe2,  the  Molv:Se  ratio  is  0.39,  which  may  be  due  to 
incorporation  of  Se  in  the  POMo  matrix9,  resulting  in  deviations  from  the  1:2  ratio 
expected.  In  both  cases,  the  total  Mo:X  ratio  is  much  larger  than  the  expected  0.50 
(0.62  M0S2,  0.65  MoSe2),  indicating  that  extra  Mo  is  present  in  the  prepared  films.  After 
washing,  the  Molv  abundance  does  not  decrease,  whereas  the  Movl  is  reduced  by  50%, 
suggesting  the  Movl  signal  is  not  associated  with  the  exfoliated  TMD. 
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Figure  S10.  Raman  spectra  of  few  layer  and  bulk  TMDs.  M0S2  shows  characteristic 
shifts  in  the  Aig  -  E2g  energy  levels  (~  2  cm'1)  due  to  reduction  in  thickness  (black  dotted 
line).  Similar  shifts  are  seen  in  NbSe2,  MoSe2,  as  well  as  new  low-dimensional  modes 
appearing  in  MoSe2  and  WSe2.  These  data  suggest  reduction  of  dimensionality  in 
exfoliated  TMDs  compared  to  bulk  powders. 
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Figure  S11.  Extinction,  Absorption,  and  Scattering  profiles  of  TMDs.  Scattering  profile 
were  obtained  by  subtracting  extinction  and  absorption  profiles  from  a  single  dispersion. 
Absorption  spectra  were  obtained  using  an  integrating  sphere  (Cary  5000).  The 
scattering  intensity  is  known  to  be  size  dependent,  and  spectra  obtained  for  M0S2  are 
similar  to  previously  published  results.10  Note,  NbSe2  and  MoTe2  spectra  are  not  shown. 
NbSe2  is  known  to  be  metallic  and  thus  has  a  negligible  absorption  spectra,  and  due  to 
instrumentation  limitations,  the  NIR  MoTe2  spectra  could  not  be  resolved  in  the 
integrating  sphere. 
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Figure  S12.  Bulk  powder  and  solution  phase  XRD  spectra  of  TMD  dispersions.  Bulk 
powder  XRD  are  consistent  with  known  crystallographic  powder  diffraction  database: 
MoS2  (PDF#  00-037-1492),  MoSe2  (PDF#  01-077-1715),  MoTe2  (PDF#  00-015-0658), 
WS2  (PDF#  00-038-1388),  WSe2  (PDF#  00-038-1388),  NbSe2  (PDF#  00-019-0872), 
ReS2  (PDF#  00-052-0818).  The  presence  of  [00/]  (highlighted  in  beige)  and 
[f7k0](denoted  with  a  star)  reflections  provide  structural  information  about  the  TMD 
layers  along  the  out-of-plane  and  in-plane  directions  respectively.11,12  A  decrease  in 
intensity  of  the  [002]  reflection  in  solution  as  compared  to  bulk  powder  is  indicative  of  a 
loss  in  correlation  along  the  c-axis  (stacking  axis)  and  the  intensity  ratios  of  the 

[002]:[110]  provides  a  quantitative  assessment  of  the  extent  of  exfoliation.11  —  =  0  is 

I  no 

indicative  of  full  exfoliation  in  solution.  As  a  processing  standard,  liquid  phase  exfoliation 
of  MoS2  after  90  hours  probe  tip  sonication  is  used  to  calibrate  the  redox  exfoliation.  For 

most  samples,  similar  values  for  —  are  obtained  around  20-30%  (MoS2,  MoSe2, 

'110 

NbSe2).  WX2  and  ReS2  exfoliates  show  higher  values,  which  may  be  attributed  to  un¬ 
optimized  oxidation/reduction  conditions.  Note  the  ^  is  used  for  ReS2  due  to  its  triclinic 

l220 

unit  cell.13  In  addition,  the  yield  for  MoTe2  in  solution  is  less  than  1%,  and  thus  the 
concentration  was  too  dilute  for  XRD  measurement,  and  it’s  spectra  are  omitted. 
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Figure  S13.  Data  processing  and  fits  for  solution  XRD  spectra.  A)  Total  scattering 
intensity  of  experimental  (colored  lines)  and  fits  (solid  black  lines)  for  exfoliated  TMDs  in 
solution.  It  is  to  note  that  the  total  scattering  intensity  contains  contributions  from  the 
TMD  and  the  quartz  capillary  used  to  hold  the  solution.  Background  subtraction  to 
isolate  the  TMD  from  the  total  intensity  was  difficult  due  to  the  strong  scattering  from  the 
capillary  (at  20=18°).  Thus,  the  total  intensity  was  deconvoluted  using  peak  fitting 
methods  in  order  to  obtain  the  TMD  scattering  spectra.  B)  Peak  deconvolution  of  the 
total  scattering  intensity  for  redox  MoS2.  The  total  scattering  intensity  was  deconvoluted 
into  3  capillary  peaks  (dashed  lines)  and  TMD  (solid  black).  The  standardized  residual 

was  calculated  by  —  —  ,  where  a  is  the  standard  deviation.  The  standardized  residual 

<7 

plot  shows  a  random  distribution  with  no  trends,  which  indicates  a  good  fit  with  the 
experimental.  C)  Solution  scattering  spectra  of  TMD  only  obtained  after  peak 
deconvolution  in  B  from  total  scattering  intensity. 
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Figure  S14.  Height  distributions  obtained  from  AFM  analysis  show  narrow  size 
distributions  (±1-2  monolayers)  for  all  TMDs.  Contrastingly,  LPE  of  MoS2  has  a  very 
broad  size  distribution  (+4  layers).  Scherrer  analysis  from  solution  XRD  confirms  similar 
thicknesses.  It  is  to  note  that  the  crystallite  sizes  obtained  from  XRD  reflect  a  global 
average,  whereas  selective  local  regions  were  analyzed  via  AFM.  Thus,  XRD 
overestimates  the  thicknesses  of  exfoliated  flakes,  while  AFM/UV-Vis  underestimate  the 
total  distribution. 
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Figure  SI 5.  SEM  micrographs  of  TMD  flakes  drop-cast  on  Si  wafer  showing  few  layer 
flakes.  Scale  bars:  M0S2,  WS2,  ReS2  200  nm;  MoSe2,  NbSe2  300  nm;  MoTe2  1  micron; 
WSe2  2  micron.  SEM  microscopy  indicates  that  flake  diameters  were  correlated  to  the 
initial  bulk  powder  used  for  exfoliation  (see  Table  S2).  For  larger  initial  powders  (>  10 
micron),  such  as  MoSe2  and  MoTe2,  exfoliated  flakes  were  micron  size,  while  for 
smaller  bulk  material  (2  micron),  such  as  M0S2  and  WS2,  exfoliated  flakes  were  on  the 
order  of  a  few  hundred  nanometers,  similar  to  sizes  obtained  via  other  bulk  processing 
methods. 
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Figure  S16.  TEM  images  of  flakes  show  transparent,  thin  flakes  are  obtained  via  Redox 
Exfoliation.  Similar  shapes  and  sizes  are  observed  in  SEM  images  (Figure  SI 9)  and 
AFM  images  (Figure  3,  main  text). 
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Figure  S17.  Height  distributions  obtained  from  AFM  images.  Note  the  narrow  height 
profiles  for  TMDs  exfoliated  via  redox  method  as  compared  to  broad  distributions  of 
heights  obtained  from  LPE  exfoliation  (90  hrs.  continuous  probe  sonication,  0°C).  Mean 
distributions  and  standard  deviations  are  summarized  in  Figure  S1 1 . 
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Figure  S18.  AFM  images  and  line  cuts  of  TMD  flakes.  Intermediate  heights  or  steps 
were  not  observed  for  all  samples.  Small  particulates  (~1  nm  thick)  decorate  the  surface 
of  ReS2,  NbSe2,  WSe2,  and  MoSe2-  We  believe  these  species  to  be  POMs  formed 
during  redox  reactions,  as  washing  cycles  remove  these  weakly  bound  species,  as 
shown  inshown  in  Figure  SI 2. 
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Figure  SI 9.  AFM  images  of  WSe2  before  and  after  cleaning  and  re-dispersion.  A)  As 
prepared  solution  shows  large  species  associated  with  the  surface  of  WSe2  flakes.  B) 
After  centrifugation  and  removal  of  solvent,  followed  by  redispersion  in  acetonitrile  (lx 
cleaning),  the  surface  species  become  smaller,  until  finally  C,D)  they  are  removed 
almost  entirely  after  another  round  of  centrifugation  and  redispersion  in  fresh  solvent  (2x 
cleaning).  Scale  bars  for  A  and  B  are  1  micron.  Scale  bars  for  C  and  D  are  500  nm. 


Jawaid  et  al.  Redox  Exfol.  TMD.  ACS  Nano  2016 


25 


25  (Supplemental 


Distribution  A.  Approved  for  public  release  (PA):  distribution  unlimited. 


Figure  S20.  SAXS  reflection  of  thin  films  of  exfoliated  TMDs.  The  presence  of 
intercalated  structures  would  emerge  as  larger  spacings  along  the  [002]  crystallographic 
axis.  Intercalation  compounds  increase  the  c-axis  crystallite  size.14-16  SAXS  spectra  on 
drop-cast  exfoliated  TMD  solutions  show  no  evidence  for  intercalated  structures  formed 
with  d-spacings  less  than  4.5  nm.  Due  to  this  null  result,  we  do  not  believe  that 
intercalation  is  a  driving  mechanism  for  exfoliation.  It  is  to  note  that  the  scattering  peak 
at  q=  1.32  A'1  (d-spacing=4.8  A)  for  NbSe2  is  also  present  in  the  bulk  powder  sample, 
which  may  be  attributed  to  impurities  present  in  the  sample. 
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Figure  S21.  Orientation  analysis  of  exfoliated  flakes  drop  cast  onto  Si  wafers.  2D  XRD 
scans  of  the  exfoliated  TMDs  along  the  (002)  crystallographic  axis  (left).  Azimuthal  plots 
of  the  2D  XRD  scans  (right)  with  calculated  Hermans’  orientation  parameters  (solid 
black  lines).  A  P2~0  was  obtained  for  bulk  MoS2  (random  orientation  of  flakes),  whereas 
P2-0.7-0.9  was  obtained  for  all  the  exfoliated  TMDs  (high  orientation  of  flakes  stacked 
along  the  c-axis.) 
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Figure  S22.  A)  2D  XRD  pattern  of  bulk  (black)  and  redox  (red)  thin  films  of  MoS2.  The 
disappearance  of  the  [hkO]  and  [h0/\  reflections  confirms  exfoliation  of  TMDs  in  solution 
and  restacking  along  the  [00/]  axis  during  film  formation.  B)  The  sample  was  set  at  an 
offset  incline  in  order  to  confirm  the  removal  of  the  [h0/\  reflections  observed  in  A.  The 
angle  between  the  [002]  and  [103]  plane  is  -18°,  thus,  the  intensity  of  the  [103] 
reflection  was  optimized  by  tilting  the  sample  at  15°.  It  is  to  note  that  data  points  less 
than  20=18°  cannot  be  obtained  due  to  the  offset  incline.  Although  the  [103]  and  [105] 
reflections  can  be  observed  in  the  redox  sample,  the  intensities  are  extremely  weak  and 
significantly  reduced  as  compared  to  the  bulk,  which  is  indicative  of  a  turbostratic 
structure  with  stacking  faults  along  the  [002]  axis. 
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Figure  S23.  UV-Vis  extinction  spectra  of  M0S2  exfoliation  as  a  function  of  CHP  addition. 
Constant  amounts  of  NaBH4  were  added  (400  pmol).  Initially,  low  loading  ratios  of  CHP 
(0.1:1,  1:1)  give  low  yields,  while  a  ratio  of  5:1  increases  yields  approximately  3  fold. 
Addition  of  30  minutes  of  sonication  further  increases  the  yields  2x  compared  to 
samples  prepared  without  sonication. 
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TMD 

Bulk  Powder 
size  (nm) 

Lateral  dimension 
(exfoliated,  nm) 

Initial  mass 
(mg) 

Mass  suspended 
(mg) 

%  suspended 

%  exfoliated 

LPE  MoS2 

2 

149  ±61 

30 

N/A 

N/A 

3 

Redox  M0S2 

2 

224  ± 126 

30 

23-28 

66-90 

5-10 

MoSe2 

44 

232±  211 

30 

6.1 

20 

2 

MoTe2 

10 

405  ±  209 

30 

<  1 

N/A 

N/A 

ws2 

N/A 

325  ±  75 

30 

3.1 

10.3 

1 

WSe2 

N/A 

418  ±59 

30 

4.1 

13.6 

4 

NbSe2 

N/A 

210  ± 128 

30 

15.5 

51 

5 

ReS2 

N/A 

121  ±49 

30 

30 

100 

10 

Table  SI.  Summary  of  bulk  particle  size,  exfoliated  flake  dimensions,  %  yield  of 
suspended  flakes,  and  %  yield  of  exfoliated  flakes.  After  redox  reactions,  the  mass  of 
suspended  flakes  was  determined  by  pipetting  out  a  known  aliquot  from  the  reaction 
vessel  after  the  stir  was  removed  and  large,  unsuspended  flakes  were  sedimented.  The 
aliquot  was  centrifuged  at  10000  RPM,  washed  several  times  with  CH3CN  to  remove 
excess  NaBH4  and  CHP  in  the  vessel,  and  then  transferred  to  a  pre-weighed  vial.  The 
solvent  was  removed  at  60°C  under  vacuum  (200  mTorr)  and  the  vial  re-weighed.  The 
mass  difference  is  reported  as  the  suspended  flake  mass.  These  contain  both  exfoliated 
flakes  as  well  as  non-exfoliated,  bulk  flakes.  Exfoliated  %’s  were  determined  by  carrying 
out  a  size  selection  centrifugation  step  to  separate  out  large,  un-exfoliated  material  with 
thin,  exfoliated  flakes.  These  values  are  generally  much  smaller  than  suspended 
masses/yields.  Masses  were  measured  by  difference  after  removal  of  solvent  under 
vacuum  (300  mTorr). 
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TMD 

a  (nm) 

c  (nm) 

[100]  (nm) 

[110]  (nm) 

[111]  (nm) 

[200]  (nm) 

MoS2 

3.15 

12.30 

2.72 

1.57 

1.56 

1.92 

MoSe2 

3.28 

12.93 

2.84 

1.64 

1.62 

2.00 

MoTe2 

3.55 

13.86 

3.07 

1.77 

1.76 

2.17 

WS2 

3.18 

12.32 

2.75 

1.59 

1.57 

1.94 

WSe2 

3.29 

12.98 

2.84 

1.64 

1.63 

2.01 

NbSe2 

3.6 

12.60 

3.11 

1.81 

1.78 

2.20 

ReS2 

6.45 

6.40 

5.58 

3.22 

2.88 

3.94 

Table  S2.  [100],  [110]  and  [111]  diffraction  planes  for  TMDs  obtained  from  HRTEM  a 
and  c  lattice  parameters.  When  possible,  the  [200]  and  [111]  diffraction  peaks  were 
analyzed.  All  identified  peaks  were  within  5%  error  of  actual  spacings. 


[MoS2]  (mg/mL) 

mmol  CHP 

pmol  NaBH4 

[MoS2]  suspended  (mg/mL) 

[MoS2]  exfoliated  (pg/mL) 

3 

0.01 

400 

0.05  (15%) 

18(0.6%) 

3 

0.1 

400 

1 .44  (48%) 

165  (5%) 

3 

1 

400 

2.57  (88%) 

278  (9.2%) 

3 

10 

400 

0.49(16%) 

N/A 

3* 

1* 

400* 

2.85* 

455* 

*sample  was  probe  sonicated  (30  min,  125  W)  after  redox  reaction  was  performed. 

Table  S3.  Summary  of  MoS2  suspension  and  exfoliation  yields.  Reactions  were  carried 
out  at  0°C,  and  allowed  to  react  for  24  hours  after  CHP  addition,  and  another  24  hours 
after  aqueous  0.10  M  NaBH4  addition  which  was  added  in  100  pl_  increments  in  60 
minute  intervals.  All  reactions  performed  under  argon  atmosphere  and  with  anhydrous 
solvents 
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